We tested the hypothesis that foliar nitrogen and phosphorus concentrations are correlated with estimates of soil nutrient supply, a common assumption in studies of plant nutrient relations. This hypothesis was tested in an alpine ecosystem characterized by a wide range of soil nutrient availabilities using 3 herbaceous plants with widespread distributions. Rates of soil N and P supply were estimated using ion exchange resin bags deployed during the first half of the growing season, when the majority of plant nutrient uptake occurs. Measurements were made at 3 to 5 landscape positions (vegetation types) at 3 sites: a valley bottom that was glaciated until 12,000 yr ago and 2 ridgetop sites, 1 with deposits of Tertiary age and 1 that was not glaciated during the Pleistocene. Foliar N and P concentrations generally were not correlated with rates of soil N and P supply. We present several hypotheses to explain the lack of a correlation between soil N and P supply and foliar N and P concentrations, most notably the probable buffering between soil nutrient supply and foliar nutrient concentrations by belowground nutrient storage in plants and the use of organic N by plants. Foliar N:P ratios reflected the specific nutrient limitation of production for 1 of the 3 study species. Rates of soil N supply were associated with landscape position, indicating that microclimatic and/or plant species effects were the most important controls over spatial variation in N supply. Rates of P supply differed significantly among valley and ridge locations, but not with landscape position. Soil age and eolian deposition of dust probably differ between these collection sites and may explain the differences in soil P supply. These results suggest that caution should be used in estimating soil fertility and specific nutrient limitations of growth based on foliar nutrient concentrations in herbaceous communities.
Introduction
Variation in the supply of nutrients to plants in terrestrial ecosystems may result from numerous factors, including variation in microclimate; soil type, texture, and age; and plant effects on the quality of soil organic matter (Jenny, 1980; Burke, 1989; Hobbie, 1992; Vitousek et al., 1993) . Individual plant species may respond to variation in nutrient supply by varying growth rates if that nutrient is limiting, resulting in relatively invariant foliar nutrient concentrations across environmental gradients. Alternatively, plants may take up nutrients in excess of the amount needed for growth, a process sometimes referred to as ''luxury consumption'' (Chapin, 1980) , or nutrient uptake may not be diluted by growth owing to morphological constraints on the amount of vegetative development that can occur (e.g., Diggle, 1997; Bret-Harte et al., 2001) . The latter two possibilities would result in a positive correlation between nutrient supply and foliar concentrations and would permit the use of foliar nutrient measurements as a proxy for soil nutrient supply, which is a common assumption in studies of plant nutrient relations (e.g., Aerts, 1996) .
The relationship between soil nutrient supply and foliar concentration of a single nutrient may be influenced by the ratios of 2 or more potentially limiting nutrients. Nitrogen (N) and phosphorus (P) are the most common nutrients limiting growth of plants in terrestrial ecosystems (Vitousek and Howarth, 1991) . Measurement of the foliar ratios of their concentrations has been suggested as a method for estimating which of the nutrients limits plant growth (Vitousek et al., 1988; Aerts et al., 1992, Koerselman and Meuleman, 1996; Aerts and Chapin, 2000) , and several studies have demonstrated a good empirical relationship between N and P availability and foliar and root N:P ratios (e.g., Walbridge, 1991; Vitousek et al., 1995; Carreira et al., 1997) . The use of foliar N:P ratios to determine N and P limitation of production assumes that luxury consumption of the nonlimiting nutrient will occur and/or that the capacity of the plant to increase growth will match the rate of increased supply of the limiting nutrient.
In this paper we examine the relationship between landscape variation in N and P supply and foliar N and P concentrations in 3 widespread alpine plant species. Topographic heterogeneity is substantial in the alpine and determines variation in winter snow accumulation. Variation in snow depth in turn is correlated with variation in soil microclimate, the amount of vegetative cover, plant community types, and nutrient cycling Stanton et al., 1994; Fisk et al., 1998) . Fertilization experiments indicate that N and P supply are important constraints on primary production in the alpine and that luxury consumption occurs in some species in response to greater N and P supply (Bowman et al., 1993 (Bowman et al., , 1995 Bowman, 1994; Lipson et al., 1996) . Limited comparisons between alpine plant communities differing in fertility indicate that a positive correlation may exist between foliar nutrient concentrations and soil N and P supply (Bowman et al., 1993; Bowman, 1994) . Thus, we hypothesized that foliar N and P concentrations would correlate positively with N and P supply, respectively. We also examined whether the foliar N:P ratios varied across the alpine landscape within a species and among our study species, and how well this ratio reflected the specific nutrient limitation of production in our study species.
We examined the correlations between soil N and P supply and foliar N and P concentrations in ridge and valley locations to determine whether geomorphological factors influence these relationships. Our valley site was glaciated until approximately 12,000 yr BP, while the ridge sites were not glaciated during the Pleistocene but have surficial deposits of potentially different ages (Madole, 1982) . Valley-versus ridge-site differences may reflect differences in soil ages and/or eolian dust deposition. Thus, N and P biogeochemistry may be significantly different at these sites, independent of variation in microtopography.
Materials and Methods

STUDY SITES
We selected 3 sites on or adjacent to Niwot Ridge, Colorado, to examine the relationship between soil N and P supply and foliar N and P concentrations. A site within the Green Lakes Valley, north of Green Lake 4 and south of Niwot Ridge at 3550 m a.s.l., was selected to represent a valley bottom. This site (hereafter referred to as the ''valley site'') was glaciated until 12,000 yr BP (Harbor, 1984; Caine, 2001) and has the youngest soils of our study sites. We also used 2 ridgetop sites on Niwot Ridge. One (hereafter referred to as the ''D1 site'') is near the D1 climate station at 3700 m a.s.l. and is covered with diamicton, a deposit of poorly sorted materials containing a range of particle sizes (Madole, 1982) . Although these deposits were formerly attributed to a morainal deposit from the early Pleistocene, it is likely that they are derived from alluvial and colluvial deposits of Tertiary age (Madole, 1982) . The third site (hereafter referred to as the ''Saddle site'') was east of the Saddle research site on Niwot Ridge, at 3500 m a.s.l.. This site contains soils that have not been subject to glacial disturbance. The ages of the soils at the 2 Niwot Ridge sites are uncertain, but are probably early Pleistocene or older, and have been subject to significant periglacial mixing (Burns, 1980) . Burns (1980) described the soils of Niwot Ridge and the Green Lakes Valley as Cryochrepts and Cryumbrepts, derived from Precambrian granites.
PLANT AND SOIL COLLECTION AND ANALYSIS
At each study site, estimates of soil N and P supply and plant collections were made during the 1999 growing season within 1-m 2 plots in 3 to 5 plant communities, representing repeated landscape units . Fellfields occur in windswept areas with minimal winter snow cover and are dominated by cushion plants, dry meadows have low snow cover and are dominated by Kobresia myosuroides (Vill.) Fiori & Paol., and moist meadows have snowpacks between 0.5 and 2 m of winter snow and are dominated by Deschampsia caespitosa (L.) P. Beauv. and Acomastylis rossii (R Br.). Wet meadows have variable snow cover, are characterized by flat topography and poor soil drainage, and are dominated by Carex species. Snowbeds receive the highest snow cover (2 to 5 m) and are dominated by Sibbaldia procumbens (L.). Within each of the 3 study sites, 2 to 7 separate plant and soil collections were made within each of the community types, for a total of 45 sampling locations. Snowbed and fellfield sites were not present in the valleybottom site.
Rates of soil N and P supply were estimated using ion exchange resin bags (Binkley and Matson, 1983) , which provide an index of plantavailable inorganic nutrients (Binkley and Vitousek, 1989) and combine the effects of both the production and movement of the nutrients in the soil. Mixed-bed ion exchange resins (J. T. Baker, IONAC NM-60 H þ / OH ÿ ) were placed in fine mesh nylon bags, surrounded by a plastic cylinder (4.9 cm 2 , ca. 25 mm height) to maintain a rigid structure in the soil. Four bags were placed in the soil within 1-m 2 plots at each of the collection locations. The bags were inserted into the soil at a depth of 7 cm, the zone of maximum root density, by removing a plug of intact soil and sod and inserting the resin bags into the soil at the edge of the hole in such a manner that the column of soil above the bag remained undisturbed. The resin bags were deployed within each community at the start of the growing season (early to late June, as soon as snow melted from the sites) and were removed after 23 to 34 d, the period of time when the majority of plant nutrient acquisition occurs (Theodose et al., 1996; Jaeger et al., 1999 . Although nitrification of NH 4 þ on the resins has been suggested to be negligible (Binkley, 1984) , we chose to report only total inorganic N as the sum of NH 4 þ þ NO 3 ÿ to avoid any problems associated with microbial transformations during the 3-to 4-wk period that the resins were in the field. At each collection location, 2 to 4 leaves from 4 plants of each of 3 widespread alpine species were collected and composited. The species were Acomastylis rossii, Artemisia scopulorum Gray, and Bistorta bistortoides (Pursh) Small, all perennial herbs. Leaves were collected from plants at the same phenological stage, approximately 3 wk after leaf emergence. Although these species are found in each of the communities sampled, not all of them were present at some of the collection locations. Thus, replication within a community type within a site varied from 1 to 7. The leaf material was dried to constant mass at 708C, ground, digested, and analyzed for P and total Kjehldahl N using a Lachat autoanalyzer.
STATISTICAL ANALYSES
The relationships between soil N and P supply and foliar N and P concentrations in the 3 study species were examined using Pearson correlation analysis. Variations in soil N and P supplies related to landscape position (vegetation type) and site (valley, D1, and Saddle) were analyzed using analysis of variance, with landscape position and sampling site as class variables. Tukey's a posteriori test for differences among the means was used if a significant result was found for the analysis of variance. A two-way analysis of variance was run for the dry, moist, and wet meadows at all 3 sampling sites to determine whether significant interactions between landscape position and sampling site influenced N and P supply. Because fellfield and snowbed communities were not present in the Green Lakes Valley, it was not possible to analyze the interaction term between landscape position and sampling site for all landscape positions. In addition, the relationship between foliar N and P concentrations within each species was analyzed using Pearson correlation analysis, and the variation in N:P ratios associated with landscape position for each species was analyzed using analysis of variance.
Results
Rates of soil N and P supply varied greatly among collecting locations, approximately 10-fold for inorganic N (6.7 to 68.9 lg N bag ÿ1 d ÿ1 ), and 100-fold for P (0.017 to 2.37 lg P bag ÿ1 d ÿ1 ). Rates of N supply were significantly related to vegetation type (landscape position), with significantly higher rates in moist and wet meadows and snowbeds relative to dry meadows and fellfields (F ¼ 14.59, P , 0.001, Fig. 1a ). Sampling sites (valley bottom, ridgetop) did not significantly influence rates of N supply (F ¼ 1.261, P ¼ 0.294, Fig. 1a ), but rates of P supply were significantly related to sampling site (F ¼ 3.74, P , 0.05, Fig. 1b) . Rates of P supply were higher on the diamicton on Niwot Ridge than at the valley site and were intermediate in the unglaciated soils on the eastern part of Niwot Ridge. Landscape position did not influence rates of P supply (F ¼ 1.307, P ¼ 0.284). There were no significant interactions between landscape position and sampling site influencing N and P supply rates.
Variation in foliar N and P concentrations for the 3 herb species was less than that for soil N and P supply. There was a significant positive correlation between N supply and foliar N concentrations only for Acomastylis (Fig. 2a) , and the slope of the relationship was relatively shallow. Similarly, foliar N varied significantly in relation to landscape position only for Acomastylis (F¼3.75, P , 0.01, data not shown). Foliar P concentrations were not related to soil P supply when analyzed using both linear and logarithmic scales (Fig. 2b ), nor were foliar P concentrations related to the sampling sites, despite significant variation in P supply.
Foliar N and P concentrations were significantly correlated for Acomastylis and Bistorta but not for Artemisia (Fig. 3) . Artemisia had greater N:P ratios than the other 2 species (F ¼ 15.06, P , 0.001; mean 6 s.e.: 12.91 6 0.31 for Acomastylis, 17.78 6 1.04 for Artemisia, and 14.54 6 0.40 for Bistorta). Landscape position was not a significant source of variation for N:P ratios in any of the species, but sampling site was significantly related to N:P ratios in Acomastylis, with the valley site exhibiting higher ratios than the sites on Niwot Ridge (data not shown).
Discussion
Foliar N and P concentrations of the 3 study species were poor indicators of soil N and P supply, as estimated by ion exchange resin bags. Only foliar N in Acomastylis was correlated with soil N supply, but the amount of variability explained was relatively small (20%). This was unexpected, as previous experiments have demonstrated luxury consumption of N and P in some alpine species after fertilization, and differences in foliar nutrient concentrations have been found for single species occurring in communities characterized by different fertilities (Bowman, 1994; Bowman et al., 1993 Bowman et al., , 1995 . The relatively slow growth of alpine plants (Diggle, 1997; Körner, 1999) along with the ability of the rooting systems to sequester a large fraction of added N in labeling experiments (Theodose et al., 1996; Jaeger et al., 1999) indicate that these plants are likely to show a correlation between soil nutrient supply and foliar nutrient concentrations.
Why didn't foliar N and P concentrations reflect variation in soil N and P supplies? Several factors may have influenced the relationship FIGURE 1. Variation in N and P supply on Niwot Ridge and the Green Lakes Valley, Colorado, estimated using ion exchange resin bags, at the landscape scale as indicated by vegetation types (averaged across all sampling sites) (a), and at different sampling sites (averaged across all vegetation types) (b), representing a valley glaciated 12,000 yr BP (valley), a ridge site covered by a Tertiary age diamicton (D1), and unglaciated soils on the eastern part of the ridge (Saddle). Letters indicate significant differences as determined by a Tukey's multiple range test. FIGURE 2. Relationships between estimates of (a) soil N supply and foliar N concentrations and (b) the log soil P supply and foliar P concentrations, for 3 widespread alpine species, Bistorta bistortoides (.), Artemisia scopulorum (Á), and Acomastylis rossii ()). Correlations were not significant except for Acomastylis N concentrations and soil N supply. Correlations between foliar P concentrations and P supply on a linear scale were also not significant. between our estimates of soil N and P supply and foliar N and P concentrations. First, luxury consumption may occur only at relatively high rates of nutrient supply, with higher foliar nutrient concentrations occurring only after belowground storage pools become saturated. Alpine plants are relatively slow growing, and many rely on nutrient storage in belowground tissues for much of their growth demand (Monson et al., 2001) . For example, approximately 60% of the current year's N requirement in Bistorta is met using belowground reserves (Jaeger and Monson, 1992; Lipson et al., 1996) . Belowground storage of nutrients may act to buffer foliar nutrient concentrations from background variation in soil nutrient supply. Lipson et al. (1996) found that rhizome N concentrations accounted for all of the luxury consumption in fertilized relative to control Bistorta plants, and that after fertilization 100% of the plant demand was met using stored reserves. Belowground nutrient storage may also minimize potential nutrient losses to herbivores. Second, foliar nutrient concentrations may respond to variation in the ratios of supply of soil nutrients, particularly N:P, rather than variation in the supply of a single nutrient. Our results, however, failed to show significant correlations between N:P supply ratios and variation in either foliar N and P concentrations (data not shown).
A third factor influencing the correlation between inorganic N supply and foliar concentrations is the potential reliance of plants on organic N to meet nutritional demands. Small amino acids such as glycine are relatively abundant in alpine soils and may be an important source of N for plants (Raab et al., 1996 (Raab et al., , 1999 Miller and Bowman, 2003) . Although uptake of glycine appears to occur in most of the alpine plants examined (Miller and Bowman, 2003) , there does not appear to be preferential uptake of glycine over inorganic forms of N. There does appear to be differing availability of glycine among alpine communities (Miller 2002) , so this factor could contribute to the lack of correlation between inorganic N supply and foliar N concentrations.
Last, it is possible that resin bags may not accurately estimate soil N and P supply. However, the landscape variation we obtained in rates of N and P supply correlates well with variation in N uptake by the total plant community (Bowman, 1994; Fisk et al., 1998) , and our resin bag results probably provided a good index of the variability in N supply among our sampling locations. A similar conclusion regarding the use of resin bags to estimate spatial variation in N and P supply was found in the Arctic by Giblin et al. (1994) . Thus, we have no reason to suspect errant values for N and P estimates from our resin bags. Although other factors may have influenced the lack of correlation between soil N and P supply and foliar concentrations, we suggest that the most likely reason is the belowground storage of these nutrients by the plants, which buffers variation in leaves in response to variation at low rates of N and P supply, and the potential for organic N use by plants.
The foliar N:P ratios of Bistorta and Acomastylis suggest that growth of these species is either N or N and P colimited, while Artemisia had N:P ratios that suggest that its growth is P limited (Lajtha and Klein, 1988; Koerselman and Meuleman, 1996; Aerts and Chapin, 2000) . However, long-term (11-yr) fertilization with high levels of P, N, and N þ P (Bowman et al., 1993) failed to increase the cover of Acomastylis and Artemisia, while Bistorta increased significantly in N and N þ P plots (Suding and Bowman, unpublished data). Thus, foliar N:P ratios did not provide a good proxy to determine the nutrient limiting growth in these species. This is not surprising given the lack of correspondence between soil N and P supply and foliar N and P concentrations. Alpine plants generally exhibit relatively high foliar N and P concentrations compared with congeneric lowland plants (Körner, 1989; Bowman et al., 1999) , and N and P are likely to be positively correlated owing to their combined role in leaf metabolic processes, primarily photosynthesis. The positive correlation between foliar N and P in Acomastylis and Bistorta suggests that the uptake of these nutrients may be regulated in part by the concentration of both nutrients, rather than by the supply of an individual nutrient. This suggestion is supported by our finding of little change in N:P foliar ratios in our species among landscape and sampling sites, and by the results of Vitousek et al. (1995) , who found little variation in foliar N:P ratios in a single tree species among sites with different N and P availabilities.
Variation in the supply of N was related to landscape position, indicating that associated microclimatic (site temperature, moisture, hydrology) or plant species controls are important in determining the FIGURE 3. Relationships between foliar N concentrations and foliar P concentrations for 3 widespread alpine species, Bistorta bistortoides, Artemisia scopulorum, and Acomastylis rossii. Data were analyzed using Pearson correlation analysis. Note that different scales are used for axes among the species. rate of N supply. This is consistent with previous work in the alpine that has suggested that at the landscape scale, soil moisture is the most important control on rates of N cycling (Fisk et al., 1998) . Significant plant species control on soil N transformations has been found within moist meadow alpine communities (Steltzer and Bowman, 1998) , but the contribution of plant species effects to landscape variation in N cycling has not been fully explored in the alpine.
The supply of P was not related to landscape variation but instead was influenced more by site. The highest rates of P supply were found in soils on Niwot Ridge in a Tertiary age deposit, the lowest rates were found in the youngest soils in the Green Lakes Valley, and intermediate rates were found in unglaciated soils on the eastern part of Niwot Ridge. A more thorough analysis of these soils using the Hedley fractionation technique (Cross and Schlesinger, 1995) found a similar trend for indices of plant-available P, although the ranking was saddle , valley , D1 (Townsend et al., unpublished data). The variation in P supply is somewhat consistent with the Walker and Syers (1976) model of P biogeochemistry change during pedogenesis, although other factors could have influenced our result. Eolian deposition of dust contributes significantly to the geochemistry of alpine soils in the Colorado Front Range (Litaor, 1987) , and it is possible that differences in the rates of dust deposition among our collection sites contributed to these differences in P supply. Additional measurements of soil age and rates of dust deposition are required to determine the contribution of these factors to the observed differences in P supply, but it is clear that geochemical differences in the soils are more important for determining plant P supply than microclimatic variation associated with landscape variation in topography.
In summary, our research failed to show a strong correlation between foliar N and P concentrations and soil N and P supply. This result suggests that foliar nutrient concentrations should be used with caution as a means of estimating soil nutrient supply in herbaceous species. Likewise, N:P ratios were useful for suggesting a N or P limitation of growth for only 1 of the 3 study species. Finally, microclimatic controls appeared to be most important in determining N supply, while variation in soil geochemistry appeared to best explain variation in P supply at our alpine collection sites.
